
ARTICLE OPEN

Early visual processing and adaptation as markers of disease,
not vulnerability: EEG evidence from 22q11.2 deletion
syndrome, a population at high risk for schizophrenia
Ana A. Francisco 1✉, John J. Foxe1,2,3, Douwe J. Horsthuis1 and Sophie Molholm 1,2,3✉

We investigated visual processing and adaptation in 22q11.2 deletion syndrome (22q11.2DS), a condition characterized by an
increased risk for schizophrenia. Visual processing differences have been described in schizophrenia but remain understudied early
in the disease course. Electrophysiology was recorded during a visual adaptation task with different interstimulus intervals to
investigate visual processing and adaptation in 22q11.2DS (with (22q+) and without (22q−) psychotic symptoms), compared to
control and idiopathic schizophrenia groups. Analyses focused on early windows of visual processing. While increased amplitudes
were observed in 22q11.2DS in an earlier time window (90–140ms), decreased responses were seen later (165–205 ms) in
schizophrenia and 22q+. 22q11.2DS, and particularly 22q−, presented increased adaptation effects. We argue that while amplitude
and adaptation in the earlier time window may reflect specific neurogenetic aspects associated with a deletion in chromosome 22,
amplitude in the later window may be a marker of the presence of psychosis and/or of its chronicity/severity.
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INTRODUCTION
22q11.2 deletion syndrome (22q11.2DS) is a rare genetic condition
characterized by a markedly increased risk for schizophrenia, a
severe and often chronic psychiatric disorder. Approximately half
of individuals with a chromosome 22 deletion present schizoty-
pical traits and experience transient psychotic states1 and about
30% receive a formal diagnosis of schizophrenia2,3. The study of
22q11.2DS, particularly of the younger individuals with the
deletion who have not yet experienced psychotic symptoms or
been on antipsychotic medication for a prolonged period, may
prove invaluable to the identification of early markers associated
with schizophrenia.
Sensory processing differences in the visual domain are

commonly reported in the schizophrenia literature (for a review
of findings, see4). Orientation5, motion6–10, contrast sensitivity11–14,
perceptual organization15–18, spatial discrimination19–21, detection
of targets masked after short intervals22–25, visual object proces-
sing26, and early visual processing and adaptation27–34 have all
been shown to be impaired in this population. Such sensory
impairments may presage higher-order cognitive35–39 and social40

deficits and daily functioning difficulties11,41, which in turn are
related to clinical outcome42. While early identification of risk and
treatment of schizophrenia are key to improving prognosis43–46,
sensory processing remains relatively understudied early in the
disease. Indeed, a significant portion of the studies exploring
perception and cognition in schizophrenia have been conducted
with chronically ill individuals. Though the characterization of
sensory/perceptual function in chronic stages of the disease is
highly relevant, the effects of prolonged use of antipsychotic
medication and continuous hospitalizations may complicate the
interpretation of findings. The handful of studies on visual
processing and visuo-spatial attention in first-episode and
prodromal schizophrenia38,47–51 suggest that visual processing

deficits are not only seen in chronic schizophrenia, but, rather, are
present from early on in the disease course. Furthermore, visual
processing deficits have been found in first degree relatives of
individuals with schizophrenia28,30. Thus, visual processing may
hold potential as an endophenotypic marker of genetic risk for
developing the condition. Moreover, understanding the nature of
sensory processing deficits may provide insight into mechanisms
of pathology in schizophrenia and potentially lead to early
treatment strategies including sensory processing rehabilitation,
which may significantly improve outcome.
22q11.2DS presents a unique opportunity to extend the study

of altered visual processing to a population genetically predis-
posed to schizophrenia, potentially amplifying effect sizes for the
identification of systems involved in psychosis and informing a
possible genetic pathway to the disease. To our knowledge, only
one behavioral52 and two electrophysiological (EEG)53,54 studies
have investigated basic visual processing in 22q11.2DS. While
these support the presence of visual processing differences in
22q11.2DS that, descriptively, partially recapitulate those seen in
schizophrenia, no differentiation was made between those with
the deletion and psychotic symptoms and those with the deletion
and no psychotic symptoms. The importance of this distinction is
apparent from our previous work55,56, in which we demonstrated
significant differences in both cognitive and neural function
between these two groups. Moreover, the focus on this
population and subsequent differentiation between those with
and without psychotic symptoms allows one to hypothesize about
potential markers of risk/vulnerability for psychosis versus of
disease.
In the current study, we therefore used EEG and a visual

adaptation paradigm previously used by our research group to
study early visual processing27,57, to examine visual processing in a
22q11.2DS group with and without psychotic symptoms, when
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compared to both an idiopathic schizophrenia cohort and a non-
psychiatric control group. Analyses focused on the early visual ERP
components evoked by this paradigm during the first ~200ms
after stimulus presentation. Early visual-evoked responses have
been shown to be reduced in schizophrenia (e.g.27,33,58–61,), but
see61–63 for differing evidence. In 22q11.2DS, when no distinction
was made between those with and without psychotic symptoms,
a combination of reductions and increases was reported in these
early time windows53,54. For instance, while reporting reduced P1
and N1 amplitudes over occipital channels and decreased source
activations within dorsal and ventral visual stream areas during
those same early time windows, Biria et al. showed increased
global amplitudes around 250 ms in 22q112.DS. This relatively
limited ERP evidence for atypical visual processing in 22q11.2DS is
strengthened by neuroimaging studies in this population
suggesting structural and functional differences in regions
associated with visual processing64,65. Of note, these regions
overlap with areas also affected in schizophrenia65.
The visual adaptation paradigm utilized here included blocks of

different interstimulus intervals (ISIs), thus allowing us to
investigate not only basic visual processing, but also sensory
adaptation27. Sensory adaptation is an important property of
sensory processing argued to reflect mechanisms by which
systems attenuate redundancy66–69. The amplitude reductions
that are typically observed for faster versus slower presentation
rates may be due to temporal limitations intrinsic to the
mechanisms underlying brain response generation, i.e., faster
presentations of stimuli do not allow for full recovery, which
results in a decrease of amplitude70–75. Other explanations have
been proposed, such as adaptation as a correlate of priming and/
or expectation76. In schizophrenia, shallower visual adaptation
effects have been reported27,77,78, but not consistently79. In
22q11.2DS, we have previously observed increased auditory
adaptation effects in those without psychotic symptoms and
decreased auditory adaptation in those with psychotic symp-
toms55 when compared to age-matched controls, but visual
adaptation has not been investigated in this population.
Given that the presence of psychosis appears to modulate early

visual-evoked potentials and that adaptation is diminished in
schizophrenia, we hypothesized that there would be differences
between those with 22q11.2DS and psychotic symptoms and
those with the deletion without psychotic symptoms, reflecting
the effect of psychotic symptomatology on neural function. The
presence versus absence of such differences would allow us to
argue for the usefulness of early visual processing as a marker for
psychosis—either of vulnerability or illness. If dysfunctional early
visual processing is a marker of risk for schizophrenia, differences
should be found between 22q11.2DS (regardless of the presence
of psychotic symptoms) and controls, but perhaps not between
22q11.2DS and schizophrenia; if, instead, differences in visual
processing are a marker of disease (i.e., psychosis) or illness
severity/chronicity, differences should be observed between the

two 22q11.2DS groups (and perhaps between each of those
groups and the schizophrenia and control groups).

MATERIALS AND METHODS
Participants
Thirty-five individuals with 22q11.2DS (22q; age range: 8–35 years old; 16
with at least one psychotic symptom) and 23 individuals diagnosed with
schizophrenia (SZ; age range: 18–63 years old) were recruited. Given the
age differences between the two groups, we formed two control groups:
one age-matched to the 22q11.2DS sample (CT 22q; N= 36, age range:
8–36 years old); the other age-matched to the schizophrenia sample (CT
SZ; N= 32, age range: 17–62 years old). Individuals with 22q11.2DS were
recruited via social media and the Montefiore-Einstein Regional Center for
22q11.2 Deletion Syndrome. All individuals had confirmed genetic
diagnosis. Detailed deletion data were available for 20 out of the 35
individuals recruited: 90% presented a large (A-D) deletion. Individuals
diagnosed with schizophrenia were recruited through referrals from
clinicians in the Department of Psychiatry at Montefiore and Jacobi Health
Systems. The recruitment of controls was primarily done by contacting
individuals from a laboratory-maintained database and through flyers.
Exclusionary criteria for the control groups included developmental and/or
educational difficulties or delays, neurological problems, severe mental
illness diagnosis, and family history of psychosis. Exclusionary criteria for
the 22q11.2DS and the schizophrenia groups included current neurological
problems. All participants had normal or corrected to normal vision and
were asked, at the start of the EEG paradigm, if they could see the fixation
cross as well as the color change. All participants signed an informed
consent and were monetarily compensated for their time. This study and
its procedures and materials received ethical approval by the Institutional
Review Board of the Albert Einstein College of Medicine. All aspects of the
research conformed to the tenets of the Declaration of Helsinki.

Experimental procedure and stimuli
Testing was carried out over a two-day period and included cognitive
testing and EEG recording. IQ measures were computed from the Wechsler
Adult Intelligence Scale (WAIS-IV)80, or the Wechsler Intelligence Scale for
Children (WISC-V)81, depending on age. To assess for the presence of
psychotic symptoms, either the Structured Clinical Interview for DSM-5
(SCID-5)82 or the Structured Clinical Interview for DSM-IV Childhood
Diagnoses (Kid-SCID)83, was performed.
Participants sat in a darkened sound-attenuated electrically shielded

booth (Industrial Acoustics Company, Bronx, NY, USA), 65 cm from the
screen. They were presented with two blocks of 100% contrast black and
white checkerboard annuli (6.5 cm outer diameter and 4.3 cm inner
diameter, 1 cm width, 4° × 4°, white luminance of 120 cdm−2, black
luminance of 0.2 cdm−2) centered against a gray (luminance= 25 cdm−2)
background (see Fig. 1). Checkerboards were presented for 33ms, at
different ISIs, with a refresh rate of 60 frames/second. To investigate
differences in sensory adaptation to repetitive stimulation, five ISIs were
used: 145, 245, 495, 995, 2495ms. There were 100 trials per ISI per block
(for a total of 200 trials per ISI and 1000 trials per participant). A fixation
cross was always centrally present, including during checkerboard
presentation. Every 10 to 20 s, its color changed from blue to yellow for
33ms and then back to blue again, for an average of 54 color changes. To
ensure fixation, participants were instructed to press the right mouse
button as soon as the color change was detected. The presentation of

Fig. 1 Visual adaptation task. Checkerboards were presented for 33ms. In five blocked conditions, the ISI was either 145, 245, 495, 995, or
2495ms.
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checkerboards was temporally unrelated to the fixation task. Between-
block intervals were self-paced within a 2500–5000ms period.

Data acquisition and analyses
EEG data were acquired continuously at a sampling rate of 512 Hz from
64 scalp locations using electrodes mounted in an elastic cap (Active
2 system; Biosemitm, The Netherlands; 10–20 montage). Preprocessing was
carried out using the EEGLAB (version 2019.1)84 toolbox for MATLAB
(version 2019; MathWorks, Natick, MA) (the full pipeline can be accessed at:
https://github.com/DouweHorsthuis)85. Data were downsampled to
256 Hz, re-referenced to the average and filtered using a 1 Hz high pass
filter (0.5 Hz transition bandwidth, filter order 1690) and a 45 Hz low pass
filter (11 Hz transition bandwidth, filter order 152). Both were zero-phase
Hamming windowed sinc finite impulse response (FIR) filters. Bad channels
were automatically detected based on kurtosis measures and rejected after
visual confirmation. Ocular artifacts were removed by running an
Independent Component Analysis (ICA). After ICA, the previously excluded
channels were interpolated, using the spherical spline method. Data were
segmented into epochs of −50ms to 400ms using a baseline of −50ms to
0ms. An automatic artifact rejection criterion (moving window peak-to-
peak threshold at 120 μV) was applied. Two individuals with 22q11.2DS
had a trial exclusion rate higher than 30% and were thus excluded. The
number of trials included in the analyses did not differ between groups: CT
22q: 740–990 trials, 22q: 677–986 trials, p= 0.09; CT SZ: 828–989 trials, SZ:
819–992 trials, p= 0.70.
Following Andrade et al.27, the analysis was focused on central and lateral

occipital channels (here, O1, Oz and O2), where signal was maximal in the
current data. Windows of interest were between 90 and 140ms and
between 165 and 205ms, corresponding to the first most prominent peaks
generated by this specific paradigm and clearly observed across groups.
Trial-by-trial mean amplitude was extracted per time window of interest,
channel, and subject. An average of the three channels was used for the
statistical analyses. Number of button presses were counted per subject.
The experimenter closely monitored the live capture made by the camera
inside the booth and, when necessary, reminded the participants to
maintain fixation and press the button. Still, as a group, individuals with
schizophrenia pressed fewer times than their age-matched peers (CT SZ: M
= 51.35, SD= 3.08, SZ: M= 46.34, SD= 8.94, p= 0.02). Four individuals with
schizophrenia pressed, on average, 30 times, which departed more than
one standard deviation from the group average. To investigate the weight
of these four individuals in the group average, we compared the amplitude
of their brain responses to those of the individuals with schizophrenia who
pressed more regularly. As can be seen in Supplementary Fig. 1, these two
groups did not differ in their visual responses, indicating that those who did
not press as often were still fixating. Number of button presses did not
differ between individuals with 22q11.2DS and their controls (CT 22q: M=
51.64, SD= 3.84, 22q: M= 50.66, SD= 4.65, p= 0.35).
We employed two levels of analyses. First, the 22q11.2DS and

schizophrenia groups were compared to their respective age-matched
control groups. Mixed-effects models were implemented separately per
group (CT 22q versus 22q; CT SZ versus SZ) to analyze trial-by-trial data,

using the lmer function in the lme4 package86 in R87. Group and ISI were
fixed factors. Participants and trial were added as random factors. Models
were fit using the maximum likelihood criterion. P values were estimated
using Satterthwaite approximations. Second, we divided the 22q11.2DS
group into two sub-groups: individuals with at least one (positive)
psychotic symptom (22q+, N= 16) and individuals without psychotic
symptoms (22q−, N= 13, after excluding the youngest individuals (N= 4,
8–10 years old) to ensure age-matching between the groups) and
compared them. Mixed-effects models were implemented as above. P
values from t tests and post-hoc analyses were submitted to Holm-
Bonferroni corrections for multiple comparisons88, using the p.adjust of the
stats package in R87.

RESULTS
Demographics and cognitive function
Table 1 shows a summary of the included participants’ age,
biological sex, and IQ. Two-sample independent-means t tests
were run in R87 to test for group differences in age and IQ. In cases
in which the assumption of the homogeneity of variances was
violated, Welch corrections were applied to adjust the degrees of
freedom. There were more females than males in the CT 22q and
22q groups and more males than females in the CT SZ and SZ
groups, but no differences in biological sex between groups.
Likewise, age did not differ between the CT 22q and 22q groups
and the CT SZ and SZ groups. No differences in sex or age were
found between the 22q− and the 22q+ groups. Lower IQs were
observed in 22q11.2DS and schizophrenia groups when compared
to the control groups. No differences in IQ were observed
between 22q− and 22q+.
Across the four groups, 52.4% reported being white, 20.6% Black

or African American, 9.5% as having multiple races, 6.3% Asian,
1.6% American Indian or Native Hawaiian, and <1% Hawaiian or
Pacific Islander. 7.9% reported unknown racial background or
declined to answer. 19.1% of the individuals tested were Hispanic
or Latino and 73.8% non-Hispanic or non-Latino. 6.3% reported
unknown ethnic background or declined to answer.
17.1% of those with 22q11.2DS were diagnosed with a mood

disorder, 17.1% with an anxiety disorder, 2.8% with a conduct
disorder, 5.7% with an attention disorder, and 8.6% with
schizophrenia. In the schizophrenia group, 8.7% met criteria
for a mood disorder and 8.7% for an anxiety disorder. 22.8% of
those with 22q11.2DS were taking antidepressants, 28.6%
anticonvulsants, 11.4% antipsychotics, 5.7% antimanics, and
11.4% stimulants. From those individuals diagnosed with
schizophrenia, 17.4% were taking antidepressants, 21.8% antic-
holinergics, and 21.8% anticonvulsants. All of those with
schizophrenia were taking antipsychotics. One individual with

Table 1. Characterization of the controls, 22q11.2DS (overall and per sub-group: 22q− and 22q+), and schizophrenia groups included in the
analyses: age, biological sex, and IQ.

age biological sex IQ

CT 22q M= 20.00; SD= 8.11 15M, 21 F M= 111.67; SD= 12.94

22q M= 19.48; SD= 7.74 12M, 21 F M= 68.81; SD= 14.14

t test t= 0.27, df= 68.98, p= 0.78 – t= 12.36, df= 58.82, p= 0.01

Cohen’s d d= 0.06 – d= 3.16

22q− M= 21.62; SD= 7.84 6 M, 7 F M= 71.91; SD= 14.35

22q+ M= 20.31; SD= 6.44 4 M, 12 F M= 68.60; SD= 13.67

t test t= 0.48, df= 23.19, p= 0.63 – t= 0.59, df= 21.08, p= 0.56

Cohen’s d d= 0.18 – d= 0.24

CT SZ M= 40.34; SD= 12.73 18M, 14 F M= 109.27; SD= 15.13

SZ M= 43.43; SD= 11.78 16M, 7 F M= 76.84; SD= 8.69

t test t=−0.92, df= 49.62, p= 0.36 – t= 9.52, df= 46.67, p= 0.01

Cohen’s d d= 0.25 – d= 1.72
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schizophrenia was taking testosterone. In the control groups,
2.7% reported a mood disorder and 5.6% an anxiety disorder.
5.6% were taking antidepressants.

Event-related potentials and adaptation
22q11.2DS and controls. Figure 2 depicts averaged ERPs from
occipital channels O1, Oz and O2 and topographies for CT 22q and
22q groups.
In the 90–140ms time window, though no significant effect of

group was found (ß=−1.03, SE= 0.98, p= 0.29), there was a
significant interaction between group and ISI: When compared to
their control group, individuals with 22q11.2DS showed more
negative amplitudes for the 245 (ß=−0.65, SE= 0.25, p= 0.01),
the 495 (ß=−1.54, SE= 0.25, p= 0.001), the 995 (ß=−1.17, SE
= 0.25, p= 0.001), and the 2495 (ß=−0.95, SE= 0.25, p= 0.001)
ISIs when compared to the shortest ISI (145), suggesting larger
adaptation in those with 22q11.2DS (see Fig. 3A). Post-hoc tests
revealed that, when compared to their controls, individuals with
22q11.2DS presented particularly increased amplitudes in the 495
(ß=−2.51, SE= 0.99, p= 0.01) and in 995 (ß=−2.23, SE= 1.12,
p= 0.04) ISIs (Fig. 2A). As can be appreciated in Fig. 2, this
response appears to be more diffuse in 22q11.2DS when
compared to their controls, who showed a more focal (central)
response. There was also an effect of ISI. Across groups, 145 ms
resulted in decreased amplitudes when compared to the
remainder ISIs: 245 (ß=−1.00, SE= 0.17, p= 0.001); 495 (ß=
−0.34, SE= 0.17, p= 0.04); 995 (ß=−0.76, SE= 0.17, p= 0.001);
2495 (ß=−1.78, SE= 0.17, p= 0.001) (Figs. 2 and 3A).

As one can observe in Fig. 2, amplitudes in the 165–205 ms time
window appear to be slightly decreased in those with 22q11.2DS
when compared to their controls, particularly at the longest ISIs.
These apparent differences were not, however, statistically
significant (ß= 0.84, SE= 1.04, p= 0.42). Once again, the interac-
tion between group and ISI was significant. When compared to
the CT 22q group, the 22q group showed more negative
amplitudes for the 245 (ß=−1.55, SE= 0.26, p= 0.001), the 495
(ß=−2.34, SE= 0.26, p= 0.001), the 995 (ß=−2.56, SE= 0.26,
p= 0.001), and the 2495 (ß=−2.57, SE= 0.26, p= 0.001) ISIs
when compared to the shortest ISI (145), again suggesting more
sensitive adaptation in those with 22q11.2DS (see Fig. 3B). There
was also an effect of ISI. The 245 (ß= 0.50, SE= 0.17, p= 0.01), 495
(ß= 1.54, SE= 0.17, p= 0.001), and 995 (ß= 0.47, SE= 0.17, p=
0.01) ISIs resulted in more positive amplitudes when compared to
the 145 ISI. In contrast, the 2495 ISI was more negative than the
145 ISI (ß=−1.86, SE= 0.17, p= 0.001). As can be appreciated in
Fig. 3B, this ISI effect is primarily explained by the control group.

Schizophrenia and controls. Figure 4 depicts averaged ERPs from
occipital channels O1, Oz and O2 and topographies for CT SZ and
SZ groups. Overall, individuals with schizophrenia, when com-
pared to their control peers, present similar amplitudes in the
earlier window of interest (90–140ms), but reduced amplitudes in
the later window of interest (165–205ms). Additionally, as in
22q11.2DS, those with schizophrenia appear to show a less focal
response when compared to their age-matched control group.
In the 90–140ms time window, no significant effect of group

(ß=−0.88, SE= 0.65, p= 0.19) or of the interaction between group

Fig. 2 CT 22q and 22q: Averaged ERPs and topographies per group and ISI. A Averaged ERPs per group (CT 22q and 22q) and ISI at O1, Oz,
and O2. B Plots showing distribution of amplitudes (trial-by-trial data; average of O1, Oz, and O2) for the time windows of interest (90–140ms
and 165–205ms). C Averaged ERPs for both groups at Oz. D Topographies for windows of interest per group and ISI.
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and ISI were found. To more thoroughly explore the spatio-temporal
dynamics of these responses, a post-hoc statistical cluster plot was
computed (Fig. S2 in the Supplementary Material). This plot suggests
that there may be slight differences between individuals with
schizophrenia and their controls in occipital channels staring at
around 100ms. There was an effect of ISI in the 90–140ms time
window: The 245 (ß= 1.12, SE= 0.11, p= 0.001) and the 495 (ß=
0.69, SE= 0.11, p= 0.001) ISIs were more positive when compared
to the 145 ISI; the 2495 ISI was more negative when compared to
the 145 ISI (ß=−0.33, SE= 0.11, p= 0.01) (see Fig. 3C).
In the 165–205ms time window, there was an effect of group,

with individuals with schizophrenia showing reduced amplitudes
compared to controls (ß=−1.66, SE= 0.69, p= 0.02). There was
also a significant interaction between group and ISI, with the SZ
group presenting a smaller difference between the 145 and the 995
ISIs, when compared to controls (ß=−0.51, SE= 0.18, p= 0.01) (see
Fig. 3D). Last, and as can be observed in Fig. 3D, there was an effect
of ISI. The 245 (ß= 1.30, SE= 0.12, p= 0.001), 495 (ß= 1.71, SE=
0.12, p= 0.001), and 995 (ß= 1.65, SE= 0.12, p= 0.001) ISIs resulted
in more positive amplitudes when compared to the 145 ISI.

22q with and without psychotic symptoms. Figure 5 depicts
averaged ERPs in occipital channels O1, Oz and O2 and
topographies for 22q− and 22q+ groups. Overall, individuals
with 22q11.2DS and at least one psychotic symptom (22q+),
when compared to those with 22q11.2DS but no psychotic
symptoms, present reduced amplitudes.
In the 90–140 ms time window, though no significant effect of

group was found (ß=−1.12, SE= 1.32, p= 0.40), there was a
significant interaction between group and ISI: When compared to
the 22q− group, the 22q+ group showed less negative
amplitudes for the 245 (ß= 2.61, SE= 0.40, p= 0.001), the 495
(ß= 1.17, SE= 0.40, p= 0.004), the 995 (ß= 2.05, SE= 0.40, p=
0.001), and the 2495 (ß= 1.52, SE= 0.40, p= 0.001) ISIs compared
to the shortest ISI (145) (see Fig. 3E). There was also an effect of ISI.
Across groups, 145ms resulted in less negative amplitudes when
compared to the other ISIs: 245 (ß=−2.31, SE= 0.30, p= 0.001);

495 (ß=−1.96, SE= 0.30, p= 0.001); 995 (ß=−3.06, SE= 0.30,
p= 0.001); 2495 (ß=−3.54, SE= 0.30, p= 0.001) (Fig. 3E).
In the 165–205 ms time window, there was an effect of group:

22q+ showed decreased amplitudes (ß=−3.07, SE= 1.31, p=
0.03) when compared to 22q−. As one can appreciate in Fig. 3F,
there was also a significant interaction between group and ISI,
with the 22q+ group presenting reduced differences between the
145 and the 245 (ß= 1.38, SE= 0.42, p= 0.001), the 995 (ß= 0.93,
SE= 0.43, p= 0.03), and the 2495 (ß= 0.84, SE= 0.43, p= 0.049)
ISIs, when compared to the 22q- group. Last, there was an effect of
ISI. The 245 (ß=−1.42, SE= 0.32, p= 0.001), 995 (ß=−2.13, SE=
0.32, p= 0.001), and 2495 (ß=−4.67, SE= 0.32, p= 0.001) ISIs
resulted in more negative amplitudes when compared to the 145
ISI (Fig. 3F).
In summary, and as can be appreciate in Fig. 6A, there appears

to be a continuum of amplitudes between CT 22q and
schizophrenia, with those with 22q11.2DS without and with
symptoms lying in between those two groups. Figure 6B
summarizes the adaptation effects for the time windows of
interest: 90–140 ms and 165–205ms. While in the former,
differential patterns are less clear, in the latter, and when
comparing the amplitudes evoked by either the two most
extreme ISIs (145 vs. 2495), or by the smallest versus biggest
amplitude response across the five ISI conditions, both 22q groups
present increased adaptation when compared to age-matched
controls and individuals with schizophrenia.

DISCUSSION
Utilizing EEG and a visual adaptation task, we investigated early
visual processing and adaptation in a sample of individuals with
22q11.2DS with and without psychotic symptoms and compared
their brain responses to control and schizophrenia groups. Given
the high risk for schizophrenia in 22q11.2DS, we expected to see
similarities in the pattern of brain responses and sensory
adaptation between 22q11.2DS, particularly those with psychotic
symptoms, and schizophrenia.

Fig. 3 Curves representing visual adaptation effects between groups. Curves representing visual adaptation effects between groups in the
time windows of interest (90–140ms and 165–205ms). Error bars represent standard errors of the mean.
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Visual-evoked potentials
While all groups exhibited robust visual-evoked potentials of
generally similar morphology and showed similar patterns of
adaptation, significant differences were present between clinical
and control groups, and between the 22q11.2DS groups. Similar to
our findings in the auditory domain55, ERPs at ~100 ms were
increased in 22q− compared to the 22q+ and control groups. This
emphasizes the thesis that there are significant differences in
neural function in 22q11.2DS and stresses the importance of
distinguishing between those with 22q11.2DS and psychotic
symptoms and those without. Subsequent visual processing also
differed as a function of group, with the schizophrenia and 22q+
groups showing decreased amplitudes in the 165–250ms time
window when compared to the control and 22q− groups,
respectively. These significant group differences suggest basic
mechanistic and disease process effects on neural processing that
are evident in early visual processing, with possible implications
for phenotype.
In considering our findings in greater detail and within the

context of the extant literature, due to somewhat atypical EEG
responses evoked by the stimuli used in our visual adaptation
paradigm (more centrally focused than typical and of reversed
directionality)27,57, here, we focus on the timeframes of the major
responses, rather than on the classic P1/N1 nomenclature.

90-140 ms time window. A previous study on visual processing in
22q11.2DS reported early (~100ms) visual processing reduc-
tions53. In that study, however, no distinction was made between
those with and without psychotic symptoms, a distinction that we
have shown to be highly relevant55,56. And indeed, here, the

increased amplitudes between 90 and 140 ms in 22q11.2DS
appear to be mainly driven by those without psychotic symptoms
(see Figs. 5 and 6A). Notably, and in accord with what we report
here, though not distinguishing between individuals with and
without psychotic symptoms, Biria et al. argued that individuals
with 22q11.2DS who have a lower risk for schizophrenia might
present an increased and compensatory visual response when
compared to controls53. Interestingly, similar increases were
observed in the auditory modality in three human studies55,89,90

and in a mouse model of the deletion91. Thus, though our results
are not entirely consistent with Biria et al., they do align with what
has been observed in other sensory modalities. This cross-
modality increase in sensory brain responses in 22q11.2DS
(particularly in the absence of psychotic symptoms) might thus
constitute a marker of the deletion and hold potential to better
understand neurogenetic mechanisms.
That no clear differences were found in this earlier time window

(90–140ms) between individuals with schizophrenia and their
control peers could be explained by relatively maintained early
stages of visual processing in this population. However, differ-
ences in early visual-evoked potentials in schizophrenia at
~100ms have been consistently reported in the litera-
ture4,28,30,37,51,63,92. Of note, here, though such differences were
not captured by our more conservative primary analysis, Fig. S2
suggests the presence of slight differences between the two
groups starting at around 100ms. That, and the fact that, in our
previous work, we have shown significant differences between
those with and without schizophrenia utilizing this same
paradigm27, suggests that the visual adaptation paradigm used
here may lack sensitivity. By generating small effect sizes, analyses

Fig. 4 CT SZ and SZ: Averaged ERPs and topographies per group and ISI. A Averaged ERPs per group (CT SZ and SZ) and ISI at O1, Oz, and
O2. B Plots showing distribution of amplitudes (trial-by-trial data; average of O1, Oz, and O2) for the time windows of interest (90–140ms and
165–205ms). C Averaged ERPs for both groups at Oz. D Topographies for windows of interest per group and ISI.
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are underpowered, and findings are easily missed. Nevertheless,
considering that no differences were found between those with
schizophrenia or those with 22q11.2DS and psychotic symptoms
and those without, amplitude in this time window, as evoked by
this specific paradigm, does not appear to be a meaningful marker
for psychosis. It is additionally interesting to note that responses in
the 90–140ms window in 22q11.2DS and schizophrenia seem to
be less focal when compared to the control groups: Whereas in
controls, the signal is maximal centrally, in 22q11.2DS and

schizophrenia, it appears to be equally large on the central, left,
and right occipital channels. Though differences in topography
were not statistically tested here, one possibility which warrants
investigation is that there is less specificity of receptive fields in
the visual cortex in these clinical populations. Alternatively, there
may be underlying anatomical differences between these groups
which explain the less focal activity. Additional work is needed to
understand the implications of a more diffuse response during
early cortical visual processing.

Fig. 5 22q− and 22q+: Averaged ERPs and topographies per group and ISI. A Averaged ERPs per group (22q− and 22q+) and ISI at O1, Oz,
and O2. B Plots showing distribution of amplitudes (trial-by-trial data; average of O1, Oz, and O2) for the time windows of interest (90–140ms
and 165–205ms). C Averaged ERPs for both groups at Oz. D Topographies for windows of interest per group and ISI.

Fig. 6 ERPs and adaptation summary per group and ISI. A Averaged ERPs per group (CT 22q, 22q−, 22q+, and SZ) at Oz, showing the
average of all ISIs. B Curves representing visual adaptation effects between groups (CT 22q, 22q−, 22q+, and SZ) in the time windows of
interest (90–140ms and 165–205ms). Error bars represent standard errors of the mean.
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165-205ms time window. In the 165–205ms time window, the
22q+ group differed from the 22q–, and those with schizophrenia
differed from their controls. Both groups (22q+ and schizophrenia)
presented reduced amplitudes. In agreement with these findings,
reduced response amplitudes in this time window have been
previously shown in 22q11.2DS53. In schizophrenia, the reported
findings are discrepant: While some studies argue for no
differences in visual-evoked responses between individuals with
and without schizophrenia37,62,93,94, others have described reduced
amplitudes in schizophrenia38,95,96. Of note, these reductions
appear to be modulated by the type of task used or the process
measured. While studies reporting no differences have focused on
illusory contour processing and contour integration37,62,93,94, those
arguing for the presence of reduced amplitudes in schizophrenia in
this time window utilized global versus local95, go/no-go38, and
backward masking96 tasks. Reduced amplitudes in schizophrenia
may therefore be expected in this time window under certain
conditions. It is nonetheless interesting that, here, amplitude
reductions were likewise observed in individuals with psychotic
symptoms (even in the absence of a diagnosis of schizophrenia),
but not in those at-risk but with no psychotic symptoms.
Reductions in this time window might thus reflect disease, rather
than risk/vulnerability for psychosis. Importantly, early visual
processing deficits are also seen in bipolar disorder97, and thus
may be ubiquitous to psychotic disorders more generally. Of note,
given that the mere presence of psychotic symptoms led to such
reductions but that those were exacerbated in the chronic
schizophrenia group, brain activity in this time window seems
likely to be modulated not just by presence of disease, but also by
chronicity or severity. Figure 6 suggests that not only amplitude,
but also latency might differ between groups, particularly between
22q− and controls. Taking into consideration the increased early
(90–140ms) amplitudes (also seen in Fig. 6) for the 22q− group,
this potential difference in latency could be a function of the earlier
increased amplitude. Nonetheless, differences in latency should be
further explored in future research.

Potential neurobiological bases of amplitude differences in the
visual-evoked potentials. Increased/preserved early (~100ms) and
decreased later (~200ms) responses have been associated with
alterations in cortical glutamate N-methyl-D-aspartate (NMDA)
receptors:89,98–100 NMDA-related dysfunctional mechanisms could
alter the modulation of sensory information reflected by early
components and the efficiency of early attentional processes indexed
by later components100. Increased sensitivity to NMDA receptor
antagonism has been described in a mouse model of 22q11.2DS91

and elevated NMDA-receptor antibodies were found in a 19-year-old
individual with the deletion and a history of cognitive decline and
psychotic symptomatology101. Furthermore, NMDA receptor antago-
nists have been shown to replicate many of the clinical features of
schizophrenia (for a review, see102). Additionally, basic visual sensory
processing differences have already been associated with two NMDA-
related genes, DTNBP1 and NOS1, both implicated in schizophrenia
risk103,104, and haploinsufficiency of PRODH in 22q11.2DS has been
proposed as a modifier gene for schizophrenia: By modulating cortical
dopaminergic transmission and glutamatergic signaling during early
brain development, PRODH could influence vulnerability for schizo-
phrenia105. A more thorough, longitudinal investigation of these
associations and the roles of these genes in the conversion to
psychosis in 22q11.2DS, has potential to advance our knowledge
about the contribution of specific neural and genetic processes (and
of their interactions) to the onset of schizophrenia. This may
additionally play a vital role in drug development.

Visual adaptation
With regard to adaptation, in both time windows, differences were
present between 22q11.2DS and controls and between 22q− and

22q+. 22q11.2DS (regardless of the presence of psychotic
symptoms) and 22q− groups presented increased adaptation
effects. Consistent with this finding, in a previous study investigat-
ing basic auditory processing and sensory memory in 22q11.2DS,
we showed increased auditory adaptation effects in individuals
with the deletion55. Larger adaptation effects have been argued to
reflect better encoding efficiency in the visual modality and to
relate to enhanced visual short-term memory and attentional
processes106–108, which would suggest more efficient encoding in
22q11.2DS when compared to controls (and in 22q− when
compared to 22q+). Without objective measures of such efficiency,
this study does not allow one to draw conclusions in that regard.
Worth mentioning, however, is that in a previous study in which
working memory was assessed in an identical sample, individuals
with 22q11.2DS performed significantly worse in a verbal working
memory task and no differences were found between those with
and without psychotic symptoms55. Moreover, difficulties have
been noted in visuospatial memory, attention, and other
executive-type functions in this population109–113. Hence, it seems
exceedingly unlikely that, here, the increased adaptation effects
observed in 22q11.2DS relate to better encoding and memory. The
nature of the neural mechanisms underlying visual adaptation and
how adaptation propagates through the visual stream are not fully
understood and thus little is also known about the potential causes
of the enlarged adaptation seen in in 22q11.DS, particularly in
those without psychotic symptoms. One study suggests that a
downregulation of the GABA-ergic system may lead to auditory
adaptation impairments114. Pharmacological studies targeting
neurotransmitter systems implicated in visual adaptation may
contribute to a better understanding of this specific type of
sensory adaptation. Still, and as for the enlarged amplitude in the
90–140ms time window, increased adaptation across modalities in
22q11.2DS may be a relevant marker of the deletion and reflect
relevant and specific neurogenetic processes with potential clinical
implications.
The reduction of adaptation in 22q+ is, likewise, of interest and

recapitulates our prediction of blunted adaptation in psychosis.
One proposed function of adaptation is that it improves
discriminability of novel stimuli115. Given that one explanation
for psychotic symptoms is the inappropriate attribution of salience
to irrelevant stimuli, this hypothesis is particularly relevant for
schizophrenia116 and for those with 22q11.2DS and psychotic
symptoms, who, in the current study, presented reduced
adaptation. Importantly, Silverstein et al. argued that blunted
adaptation may underpin differences in the salience ascribed to
stimuli117. And, considering that adaptation, at the very least,
ought to allow the visual system to leverage input regularities to
heighten visual processing, reduced visual adaptation may
contribute to the visual perception differences characteristic in
psychosis118. Future research should attempt to clarify the
relationship between adaptation and the presence of psychotic
symptoms in specific sensory modalities. Additionally, a better
characterization of the behavioral and functional impacts of
differences in adaptation is necessary to understand its true value
for this clinical population.
That no clear adaptation was observed in schizophrenia could

have been explained by psychosis-related pathological processes
and would not be wholly unexpected in a chronic schizophrenia
sample: Reduced visual adaption effects have been previously
described in this population79. However, the lack of adaption
appears to be likewise present in the control group for
schizophrenia (see Fig. 3). A study investigating the effects of
aging in visuomotor adaptation indicated that, when compared to
a younger sample, older individuals did not adapt to the same
extent119. Our samples were not, however, as old as the elderly
sample tested in that study and a reduced shorter ISI appears to
be present in younger controls too (Fig. 6), and thus, the effects of
aging are an unlikely explanation for our findings. Large samples
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would, nevertheless, have allowed for further analyses on the
impact of age in this result. Alternatively, and considering that this
lack of adaptation effects in both controls and individuals with
schizophrenia might be in part due to a particularly reduced short
(145 ms) ISI when compared to all others (Fig. 3), we argue that
this finding might relate to methodological aspects, rather than to
pathological ones. Indeed, Figs. 3 and 6 appear to indicate that
there was some level of adaption occurring between the longer
ISIs for both groups. The problematic baseline for the 145 ms ISI,
caused by the rate of stimulation, appears to be somehow more
prominent in these two groups, and could partially explain the
absence of adaptive differences between the shortest and the
longer ISIs—at least in the earlier time window (and perhaps in
interaction with the effects of age). Importantly, a previous study
conducted in our lab investigating visual adaptation in schizo-
phrenia—in which shallower adaptation was found for that clinical
population—utilized slightly longer ISIs (i.e., 200ms instead of
145ms), which could explain the differences in the findings
reported in the two studies. It is important to stress that,
regardless, the differences between individuals with schizophrenia
and their control peers are, here, merely in amplitude, not in
adaptation. Hence, adaptation effects, though conceivably valu-
able measures of neuronal plasticity with potential to shed light
on psychosis clinical phenomenology, do not seem to distinguish
between those with chronic schizophrenia and their controls in
the current study. One could note that adaptation may be
reduced in schizophrenia when compared to 22q11.2DS (Fig. 6),
but age differences complicate such comparison.

LIMITATIONS
Some of the limitations of the current study have been made clear
throughout the Discussion. Furthermore, we have alluded to a few
remaining questions for potential future research. The following
additional limitations of this study should be considered. The
impacts of medication and co-morbidities were not taken into
consideration, given the relatively small samples and the
heterogeneity in those variables. With regard to medication,
however, visual processing deficits have been found in both
medicated and unmedicated individuals22,120–122. Age-matched
22q11.2DS and schizophrenia samples would have provided
better opportunities to characterize similarities and differences
between these populations. Future work should utilize different
measures of psychotic symptomatology. Instruments providing
symptom severity and the differentiation between negative and
positive symptoms and between different sensory modalities
would have been more informative. Regarding the paradigm and
stimuli used, it should be noted that those were not designed to
isolate the different subcortical visual pathways and thus do not
address early visual processing in its entirety. Last, attention
appears to modulate auditory adaptation123,124. Future research
should additionally address the effects of attention in visual
adaptation123,124, given that attentional difficulties are character-
istic of both 22q11.2DS and schizophrenia.

CONCLUSION
Taken together, the present data suggest that while amplitude
and adaptation in an earlier time window of visual processing
(90–140ms) may reflect neurogenetic mechanisms associated
with a deletion in chromosome 22, amplitude in a later window
(165–205 ms) may be a marker of the presence of psychosis and/
or of its chronicity/severity. It is nonetheless important to consider
that the schizophrenia phenotype associated with 22q11.2DS may
be a unique one, and not necessarily related to the idiopathic form
of the condition, which is diagnosed by symptom clusters rather
than neurobiology. These findings, particularly the cross-modality
increase in brain responses and adaptation seen in 22q11.2DS—

when also considering Francisco et al.,55 may hold important
clinical implications for potential treatment development.
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